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In this paper we report the biochemical characteriza- 
tion of calgranulin C, a new member of the S100 protein 
family. The protein is highly abundant in the cytosol of 
pig granulocytes, with relatively small amounts in lym- 
phocytes. A simple protocol for the rapid purification of 
calgranulin C is described. The purified protein mi- 
grates as a single entity on SDS-polyacrylamide gel elec- 
trophoresis while it has two isoforms focusing at pH 5.8 
and 5.5. Gel filtration and cro«R-!inkmg experiments in- 
dicate that calgranulin C is capable of dimerization. The 
complete amino acid sequence was determined by Ed- 
man degradation of peptides generated by trypsin and 
V8 protease digestion. Calgranulin C consists of 91 resi- 
dues and has a calculated molecular mass of 10,614 dal- 
tons. This value is virtually identical to that obtained by 
electrospray mass spectrometry. Sequence analysis pre- 
dicts two EF-hand calcium -bin ding motifs, the first hav- 
ing an extended loop that is distinctive of the SI 00 pro- 
tein family. The metal-binding properties were studied 
by means of a direct 45 Ca 2+ -binding assay and by tyrosine 
fluorescence titration. Calgranulin C binds not only cal- 
cium but also zinc ions. A single high affinity Zn a *-bind- 
ing site per monomer was evidenced by fluorimetric ti- 
tration. Zinc binding to calgranulin C induces a 
remarkable increase in the protein affinity for calcium; 
in the absence of zinc, the protein binds 1 Ca 2 Vmonomer 
with a binding constant of about 2 x 10* m" 1 , whereas the 
Zn 2 *-loaded form binds 2 Ca 2 7monomer with K Q values of 
approximately 3 x 10 7 and 6 x 10 4 M" 1 . Circular dichroism 
analysis showed that the binding of calcium to calgranu- 
lin C induces a 15% decrease in the apparent a-helix 
content. This result and the calcium-dependent binding 
of the protein to a phenyl-Superose column strongly sug- 
gest that calgranulin C undergoes a gross conforma- 
tional change upon calcium binding, thus supporting 
the idea that this protein may be involved in Ca 2+ - 
dependent signal transduction events. 



Intracellular Ca 2+ is a ubiquitous second messenger involved 
in the regulation of many cellular functions (1). The signal is 
partly transduced into metabolic or mechanical responses by 
cakium-binding proteins (CaBPs) 1 that interact with cellular 

* This work was supported by Grant 252-0533/91 from Consejo 
Nacional de Investigaciones Cientfncas y Tecnicas. The costs of publi- 
cation of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

The amino acid sequence reported in this paper has been submitted to 
the Protein Identification Resource and SWISSPROT protein sequence 
data banks with the accession number P80310. 

1 The abbreviations used are: CaBP, calcium-binding protein; ESMS, 
electrospray mass spectrometry; FPLC, fast protein liquid chromatog- 
raphy; HPLC, high performance liquid chromatography; RP-HPLC, re- 
verse phase-HPLC; PAGE, poly aery 1 amide gel electrophoresis; V8 pro- 



effectors in a Ca 2+ -dependent fashion (2). These proteins in- 
clude Ca 2 7phospholipid-binding proteins of the annexin family 
(3) and EF-hand CaBPs such as calmodulin, troponin C, and a 
number of S100 proteins (4, 5). The function of calmodulin in 
Ca 2+ signal transduction has been studied extensively, and 
many target enzymes have been identified (reviewed in Ref. 6). 
Calcium binding to calmodulin induces a conformational 
change, thus exposing hydrophobic sites that are involved iv. 
the interaction with target proteins (7, 8). The fact that other 
EF-hand CaBPs also expose hydrophobic regions upon calcium 
binding (5, 9-12) suggests that this model may represent a 
general mechanism for the function of these proteins as Ca 2+ 
signal mediators. 

In granulocytes and monocytes, intracellular Ca 2+ regulates 
various acute response activities such as the respiratory burst, 
phagocytosis, degranulation, and chemotaxis (13-16). Regional 
increases in Ca 2+ are thought to occur at sites within the cell 
where these activities take place (16). Recent efforts to identify 
calcium signal mediators in granulocytes have led to the dis- 
covery of new CaBPs, namely a 33-kTJa annexin (17) and a 
28-kDa EF-hand protein named grancalcin (18). Additionally, 
these cells express calmodulin (19) and a heterocomplex formed 
by two S100 proteins, calgranulins A and B (20, 21). 2 

We have previously reported a preliminary characterization 
of two abundant CaBPs from pig granulocytes (22). N-terminal 
sequencing suggested that both proteins belong to the Si 00 
protein family. We identified one of these CaBPs as the porcine 
counterpart of calgranulin A (22) and proved that, as described 
for the human and bovine systems (23, 24), it is noncovalently 
associated with pig calgranulin B (25). Here we focus on the 
characterization of the other CaBP and demonstrate that it is 
a new member of the Si 00 protein family. Its primary structure 
as well as some binding properties are described. This protein 
will be referred to as calgranulin C, consistent with the names 
adopted for other S100 proteins isolated from granulocytes 
(21, 26). 

EXPERIMENTAL PROCEDURES 
Materials— 46 CaCl 2 (5 Ci/g) was from Du Pont NEN. Electrophoresis 
reagents were purchased from Bio-Rad. Dimethyl suberimidate was 
from Pierce. Sequencing-grade reagents and solvents were obtained 
from Applied Bioaystems. Sequelon-AA™ membranes were from Milli- 
pore Corp. PhastGel 4—6.5, molecular mass markers, and pi markers 
were from Pharmacia LKB (Uppsala, Sweden). Percoll, Sephadex G-75, 
horse heart myoglobin, bovine serum albumin, trypsin, and V8 protease 
were purchased from Sigma. All other solvents and reagents were of 
analytical grade. 

Preparation of Lymphocyte and Granulocyte Extracts — Pig lympho- 
cytes and granulocytes were isolated from fresh blood by dextran 

tease, Glu-C-specific endoprotease from Staphylococcus aureus strain 
V8; Bicine, AT T Ar-bis(2-hydroxyethyl)glycine; Tricine, JV-tris(hydroxy- 
methyl)methylglycine. 

2 Synonyms of calgranulins A and B are MRP8 and MRP14, LI light 
and heavy chain, p8 and pl4, and p7A and p24, respectively. 
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sedimentation rhl'krwod by i'VrcoH gradient rem ri nidation y 22 ) and 
more nam 95/,; pure.. Cells were susp«iMii.*d in bo megent nation butter 
* 1.0 rnu phosphate, 150 sum KC:. 1 rn.M EDTA, 1 him dit hinthreitol, I m,\i 
phenyimctbyisulionyl fluoride. pK 7.0). and disrupted in a glass-Teflon 
ivonogenizer, Tin.: homogenate w.-if? centrifuged at ."".000 # for la min 
a; 4 C The resulting supernatant was eontrifuged at 105,000 x f or 90 
rui n at 4 : C. 

i'ur'ificat'ion of ' CaltiTanu.iiti C. &u perm-Hants. Train cell extracts i'A~4 

(rip were fractionated ai 4 "'C <.m a Seuhadex G-75 column ; 2.5 x 38 cm) 
<-.u ui I i braird wiiii the honu'geui/auou bull or. Elation was performed at 
a How rate af 15 ml/h. K luted fractions corresponding t.o a molecular 
m.i.xs of 10-4 5 kOa 'tdatioa volume: 125-140 rid: were pooled, diluted 
M-lobl with vis t :-)M Tvis-HCf <pH <Mb. and toaH.nl onto a Mono W HR5/5 
f-nhimn M : harn=ae = n LKH) previously cqui i ibra led with the same buffer. 
The ::nhiinn was developed on an FPLC ^t ; fim f Pharmacia LKB) with 
a combination of two h t; ( ; : nr gradients ofNuCi concentration *'iV--0, 1 -1 m in 

-a in followed by 0. M -O.ob ,\j in 15 iuim. The lion- rate was 1 mi/ndrt. 
f 'iil^rannlin C elated *.u approximately 0.J5 m NaCi. 

Protein Assay - -Protein concentration in crude cell extracts was es- 
timated by 1,,'iwrys method - 27 « with bovine serum albumin as a stand- 
ard. The t:on<-eiHrmkm of pure o;dgrniubm C wa? determined by UV 
absarhance in b .v gutmidiiiedda (28). As the protein has 2 tyrosine 
r.-.-oiuf ana no trypf ophao <bsee "Ib;.->ullr> <<o c, r: -,-, !f[!! 2000 " cro" 
was used i 29 

KlwtrtmhnnvU SDS-PAG.E was performed as described by Schag- 
:,nd v«.r, Jugnw OUn in a Mini- PROTEAN* II apparatus f Bio- Had L 
.Uutdeetric focusing was carried nut in a Phasi System 
1,KE >. Den si tonic- i ric analysis of (V 
in a 0nal-AVav(dnngtJ> Cin'oniaio Scannor tShiriiadzu, Kyoto. Japan). 

C.roxx-iitikmx Eypcrirtu:}-!.:* Prouein ^arnph^ in 0,2 s; Bicint: {pH S.5» 

■s. <■>■>■ D-f;ai.cd with' I n-sM dimf;thyi ^uborimidau; at 20 C during 1 h. 
hubs^nicnuy. '-\u- romaion w,*i^ quenched by the- addition of glycine to a 
Sinai <.oneonU';n.i;i!i of HI rnM. and reaction products wore analyzed by 

sns -i »a (:;!•;. 

Chroinatmir^tphir Ano^y^i* Gv\ nitration analysis of pure caLgrarni- 

iin (.' < 10 o.-;-: was performed by FPLC on a Supoiose i.2 IIK .KV30 column 
( Pharmacia LKB* calibrated wittf standard proteins. The column was 
;-!ufod with 50 mv t Trisd 10; ipH V.-h at a flow rate of U.5 mtfmin. 

i lydropi=obic inioraction v'hn'rnatography was carried out on a phon- 
yi-Suporoso VUi 5/5 column i Pharmacia LKB) equilibrated with 50 mM 
Tr-is-U'CI ; idl 7.4 j. 0.5 rvi\t C'afT.. AfVer tlv stiiection of 30 pg of pure 
protein, the column was el u ted wuh Psur cohnnn volumes of the same 
;.Ui"iT ara;! thi.>n with f<>ur coUnvn; vc;Unne: : of 50 rn>s Tris-HC!. 1 niM 
KDTAiplI 7.41 

,V/r;ss Spcwrraiucfry — The t^olecular ma?s af calgranuliu C- was defer- 
-vanod an a VT^ BioToch/Fisons; uVhrinchafn. United Kingdom; tj-iple- 
Vpiadrupoio insiruinvru oqiiij^ped wit;h ati fdeetrospray ionization source 
■ AaaK t.i;:;i 'Y'r.e. sample was injected into the ion source in 50 (v/vi 
mothano) and 1 «"-v iv/vi ao/|.ic acid. Fifteen scans ranging !Vom m./z 800 

1 f><X> wf»n.- recardeel in each determinat-on. The iivstntinent was cali- 
br«ied wit It iiorsr heart myoglobin lauirat,'!! aniss 1d,95't.5 Da). 

En-yn-aUc Diprsfinj; a en Pcpiiti,: Purification The: purified protein 

:ann ugi -a- as dii>^sii-d in 0.1 m ammonium bicarbonate (pH ".%) with 4 
\m oi't?ypsin or H nirafVs proioase. at a? IS C during 24 h. Peptides were 
iVra-l,ionatfai by 1 1 PLC i Pharmacia LK.B? on a Vydae C, s column v4.6 x 
250 mm: (■•rpjiiihrnied with -'X 1' - *v/vi tritluoroaceiic acid in water. 
Kluu-n was pcr:;a-:r,e«1 at a How rate of O.K nd/min with a 0-^0^ 
aceioaitriie linear gradient in U30 rain. 

Amino Arid Anatyxi* ami H^qinmvin^— Amino acid analysis was per- 
ibrm.'d on a ruodoi 420A amino a cat analyser ( Applied Biosyst.em.sf. 
Amiiu> acid stxjuoaelng wa* carried out on an Applied Biosystems mode! 
477A prolein sequencer equipped with an ondine model 120A phenyl - 
thtobydamoin analyser. The intact: protein, as well as most of the pep- 
tides, was loaded onto a Polybreno-eoated glass filter and sequenced 
according To the manufacturer's instructions. Peptides V7-V10 were 
cava len tiy bound io a Sequeion- AA ; membrane. In this case ; so- 
qnemrt^ were von basically as described by Ad men and King to! h 

■$(><pienc<'.' Otmp<tn.<ott AilultipU: sequer-ce alignment and pbylogtv 

notic iree consiruetkm were carried out by using the Darwin system 

Caiotu!}! Hindi mi A*say Apo-ciit- rauuiin C was prepared by incu- 
bation of freshly purified protein with 2 niw S-lCTAand 2 ntM ivDTA and 
^ui.sequeni dialysis agairi^t 25 niM Tris-MCl ( pH 7.4(, oj- by extensive 
dialysis" against 10 mM EOT A : - pJI 7.4i :ind then against Milli Q water 
i Mdhpore Corp.s vOo). 

' ( binding was determined as per the method of Moni and Kay 
< ! h i.hnt uses inicroctmce.ntrators as \iltraiiit.ratism devices Co perform 
rapid flow- dialysis. .In short, apo-caigraiudiu C i 15-50 um> was 
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Fin. I. A, SDS- PAGE analysis of calgramdin C-contatning samples at 
different stage* of purification. The purifie.iiinn procedure is described 
under "Kxuori mental I'rocedures." tunc !, i05.0no y g supernatant 
from pig granulocytes; lane 2. aller Sephadex G-75 gel tilt ration: laru: 
after Mono Q chT^malographv; law L molecular mass staruhirds. B. 
isoelcciric focusing of ;fo,d caiji- v-;:irrci!ir. C an r; Pha^Ccl !EF 1 fi.f:. 
Pans L calgrarmlin C\ tanc 2 f pi standards. 

incubated in a prewashed Oentrieon 'A rnicroconcenii-ado!- Oiinicnn ; with 
known amounts <T 4r, CaCl, at 20 ' : C during 5 tain and then the sample 
was eentrintged at ttOOO rpm for 5 nun. Pree ;-r' concentration was 
determined by measuring the radioactivity in the fill rale. Each deter- 
mination was performed at least in triplicate. 

Binding data were analyzed by means of the following equations, 
where r is the number of moles of calcium bound per moi of monomer. 
X is free calcium concentration. « is the number of binding sites per 
monomer, and and /\ f .„ are macrnscopic binding constants. 
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Curve- fitting was tnado by nonlinear regression {Sigma Pint •!.! = >. dan- 
del Corp.). The. calculated parameters are express--! nman ± S. K 

FluorcHcrm:*) M*:asurc.mcn{f: Tyrosine fluorescence we.-.- registered 

at 2n "C on a Jasco FF»-770 spe.ctr<»nuorom*-»»er :.ia:taa Spect i-«. : ;..-c.;jie 
{,'o., Hachioji City. Japan c The excitation wa v-ae-a- i a wo> <-e; t.i.; 27 s - 
5 nni, Koch spectrum represent.:^ an average J of (iv t < -can- For titration 
experiments. Lne emission wavolengtl; was set to :i08 - o run, Tlie 
iluorescence intensity \F"> was corrected lor sample dilution, the latter 
never exceeding M';v Data from titration with calcium in the absence of 
zinc were fitted to Equation 3. where f-\ is the Hoores^aKc at zero 
ligand canrentration, F s:i if« the maximum nu<»re^cenco c!-=am:e. 7' i? *.be 
total ligand concentration, /' i^ :iie pro tern na;r.> re-. - c-a"cenir 
K fi \x the appnrent a^ocialion cun^ianl. 
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This equation is derived from Eq. 1 by setting a to 
[IF _ Fj-F^} for r< and 1.7* - P F^ [F - f^l for X. 

Circular ' JXichroUin — Far-UV circular dichrossm spectra 
Udned on a dasco ..I-2f? spectropolarimeter calibrated with ?r;d 
piiorsidlbnic acid Each spt-ctnim represents an average of four scans. 
The u -helix cop. tont was calculated as described by Zhari« and Johnson 

ki:si I.TS 

Furificatian of'Cntgranulin C The 105.000 x g supernatant 

from pig granulocytes was fractionated on a Sephadex G*75 
co 1 u n m . Ca I g r a it u 1 i n C \v a a i -eco v e red a s a rn : i;| j r co m pon on t i n 
thu :i()-lr>-kDa iraction (Fig. /«/«» 2) and was further ptiri- 
fi o. cl by a n i o tn e n e h n n g e o 1 1 a Mo u a Q a ) 1 1 1 1 v> i.i . 1 Tit- p ro t a i n o ki ted 
from the cohimn in £i symmetric peak and was ennsicitired ho- 
mogcruaius per SIDS-PAGIC ( Fig. 1A. /ov/c .!> i arid N-uvrminal 
sequence. Calgranulin C could also be ptirified iVom lyntpho- 
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Vh-. 2. Dimer formation of cnljfranulin C in vitro. The purified 
pn.iem annlyjuxl by lo'* SDS-PAGE without cross-linking (fo/ir /) 
;u;ii after cmss-liukiuy wbh 1 im: dimethyl suberimidute in the 
presem:i: of 1 m.\{ EDTA i ^ .!, 1 ium ( 'nCl^ o ;ind 0. 1 m.\s ZnCL 

"^l;.- Cictr:.;;* s bv *hc r.amc procedure, iind its *4eH vonhomtir 
mobility. CY absorption spectrum, a nd N-lerminal sequence <b 
cycles i were indistinguishable from those- of" the protein iso- 
lated from granulocytes (data not shown i. However, the 
ansounl?-' of" calgranuiin C ohfni ned from the granulocyte and 
lymphocyte extracts were S'/? and 0.14^-. respectively of the 
total soluble proteins. Thus. Lhe content of calgranuiin C was 
fjO-iiO tunes higher in granulocyte than in lymphocyte extracts. 

Biochemicti' Hrnpnrthia of Calgrftnnlin C — The protein mi- 
grates on Tricine SDS-PAGE as a 9-kDa polypeptide fFig. LA. 
ianr :i l As some calcium-binding proteins have aberrant mo- 
bilities on SOS-PAGE geds i IS. 24. 35 1, a more precise determi- 
nation of the molecular mass of calgranuiin C was made by 
i ; )SMS. The mass spectrum showed the presence of two compo- 
nents of 10,6.14 i 3 and 1 O.bfvl * 3 Da (mean s S.D.j, the second 
accounting for about. 20 f % of the molecules. This difference in 
mass >40 Da? could corn's pond to a calcium atom bound to the 
mole-cute, although alternative explanations such as partial 
X-torminal acevylation '42 Da) should not be ruled out. 

Analysis of the purified protein by Superosc 12 gel filtration 
.showed two peaks of an apparent molecular mas.s of 1 1 and 18 
kDa. thus suggesting that the native protein exists both as a 
monomer and as a homodimer. This conclusion was further 
supported by cross-linking experiments. Upon treatment with 
dimethyl suberirnidute and subsequent SDS-PAGE analysis, a 
new protein band of 20 kDa was observed in addition to that of 
the remaining monomer 'Fig. 2. lane 2). The presence of either 
! m.v or 0.1 htm ZnCL during the cross-linking reaction 

did not modify the dimerv" monomer ratio fFig. 2). 

Two calgranuiin C forms of pi 5.8 and o.f> were observed by 
native isoeleciric focusing ( Fig. IB i. As inferred from deiisi to- 
metric scan aim:, the relative contents of pi o.<8 and 5.0 isoforms 
are about 7;Y* and 25'7 . respectively. This proportion remained 
unchanged in samples incubated with cither 2 m.\t CaCl, or 2 
nv.i EDTA before isoelectric focusing. In addition, both forms 
were observed by denaturing isoelectric focusing (data not 
shown :. Therefore, the charge heterogeneity of calgr a nulin C is 
not a consequence of ligand binding. 

Primary Structure of Calgranuiin C — The purified protein 
was desalted by RP-HPLG and submitted to N-terminal se- 
quencing. The sequence of the fu-st 40 residues was obtained, 
except for amino a ads at positions and 38, which could not 
be unambiguously identified. In order to complete the amino 
ra id sequencing of cidgrunulin G. fragments were generated by 
enzymatic cleavage of the purified protein. Both tryptic and V8 
protease peptides were separated by RP-HPLG and subse- 
quently submitted to amino acid analysis and/or Edman 
degradation. 



A 




20 10 60 



Elution time tmin) 

Fsr.. 'i. HPLG separation of peptides obtained by tryptic (A) 
mid V3 protease (IS) digestion of calgranuiin C. Douul.s of thi 
procedure are described under "Experimentni Ptv.ceriu i\ -s." / J ec*/;s 77- 
777 and Vl-Vl! represent peptide^ whose sequence was determined by 
Edimin degradation or inferred from :iminn acid ;m:dysi.*i. .Solve at A: 
0.1 's- tnllufiroatTclic and; solvent H: acelenitrilc, {}. !''. 1 nil iiuronce- 

Lic acid. No peak*? were detected tieyond f?fJ^ of :*■.■») v..- m. M. 

The tryptic map of cnlgranulin G is shown in Fig. 3A. The 
peaks identified in the figure (designated Tx-Tii) represent 
pure peptides. Except for T6\ TS. and Tl.O, their amino acid 
sequences were determined by Edman degradation. On the 
basis of their amino acid composition, peptides Tb' and T10 
were assigned to fragments 21-29 and 1.-20, respectively. The 
sequence of peptide T8 was partially obtained by Kdman deg- 
radation, the rest being inferred from amino acid analysis. 
Considering the specificity of trypsin, it should be mentioned 
that the C-terminal residues of T9 and T.1,1 were Tvr and Glu. 
respectively, instead of Arg or Lys as expected; the sequence of 
TV was identical to that of residues 1-17 and was assumed t u 
originate from a residual chymotryptic activity, while peptide 
Til was assigned to the C-terminal end of the protein. 

Fig. SB shows the HPLC separation of fragments obtained by 
digestion with V8 protease. Again, the peaks identified in the 
fjgtire represent pure peptides. Except for V6. V9, and VII. 
they were completely sequenced by Edman degradation. 

A summary of the sequence analyses and the resulting pri- 
mary structure of calgi anuiin C are shown in Fig. 4. The fol- 
lowing peptides, ail corroborating the proposed sequence, were 
not included in the* figure (residue positions given in parenthe- 
ses): TG < 2.1-29), T) 0 i 1-20 ). V I V2 f I -4 j. and V9 ff.-8:! I 
The protein consist*? of 91 residues and lacks cysteine, methi- 
onine, and tryptophan. On the basis of this sequence, the 
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Fig. 4. Primary structure of calgranulin C. The nomenclature of peptides is consistent with that of Fig. 3 (A and B). X represents a residue 
which could not be identified on this particular run. Segments determined by Ed man degradation or inferred from amino acid analysis are indicated 
with solid and dotted lines, respectively. 



molecular mass was calculated to be 10,614 daltons. This value 
is virtually identical to that obtained by ESMS, thus indicating 
that the protein has been fully sequenced. The calculated iso- 
electric point (6.0) agrees with that obtained experimentally for 
the major calgranulin C isofonn (5.8). The amino acid sequence 
predicts two EF-hand calcium -bin ding sites (36). The N-terrni- 
nal site has a 14-residue loop (Ser 18 — Glu 31 ) that is unique for 
SI 00 proteins, while the loop of the C-terminal EF-hand 
comprises 12 residues (Asp 61 -Glu 72 ). The hydropathy plot (37) 
of calgranulin C predicts two hydrophobic regions near the N- 
and C-terminal ends (data not shown), a feature shared by the 
S100 proteins (4). 

Direct Calcium Binding Studies — The Ca 2+ -binding isotherm 
at 20 °C of calgranulin C in 25 mM TVis-HCl (pH 7.4) is shown 
in Fig. 5 (closed circles). Only one Ca 2+ -binding site per mono- 
mer was titrated with free calcium concentrations of up to 0.6 
mM. The best fit of the binding data with Equation 1 was ob- 
tained with K a = 1.9 ± 0.4 x 10* m" 1 and n = 1.10 ± 0.06. Due to 
the experimental limitations of the method at higher ligand 
concentrations, the existence of an additional low affinity site 
(K a < 10 3 M" 1 ) could be neither proven nor ruled out. 

As shown in Fig. 5, the presence of zinc ions induces a re- 
markable increase in the calgranulin C affinity for calcium. The 
binding isotherm obtained in the presence of 0.1 mM ZnCl 2 
(open circles) was fitted to Equation 2 with the following pa- 
rameters: K ai = 2.7 ± 0.3 x 10 7 *r\ K a% = 6.5 ± 1.2 x 10* M"\ and 
n = 2.10 ± 0.04. 

tyrosine Fluorescence Titration — The intrinsic emission 
spectrum of apo- calgranulin C and those of the protein with 
Ca 2+ , Mg*\ and Zn 2 * are shown in Fig. 6A. While tyrosine flu- 
orescence was minimally influenced by 5 mM Mg 2 *, a 1% de- 
crease and a 40% increase were observed upon addition of 2 mM 
Ca 2+ and 0.1 mM Zn 2 *, respectively. Titration with Ca 2 * in the 
absence of other metal ions showed the presence of a single 
class of site with K a ^ = 2.9 ± 0.4 x 10 4 m" 1 (Fig. 6B, closed 
circles), in agreement with direct binding experiments. The 
presence of 5 mM Mg 2 * (open circles) caused a very slight de- 
crease in the affinity for Ca 2+ (K a<nw) = 2.3 ± 0.3 x 10 4 M" 1 ), thus 
suggesting that the titrated site is highly selective for calcium. 

A bi phasic curve was obtained when calgranulin C was ti- 
trated with Ca 2H " in the presence of 0.1 mM Zn 2 * (Fig. 6C, closed 
diamonds). The curve was not noticeably influenced by 5 mM 
Mg 2 * (open diamonds). Analysis of the Ca 2+ -induced fluores- 
cence change as a function of the fractional Ca 2 * occupancy 
(i/Ca 2+ ), calculated with the previously determined binding con- 
stants, indicates that both the increase and decrease in tyro- 
sine fluorescence are concomitant with the binding of calcium 
to the high and low affinity sites, respectively. 
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Fig. 5. Ca a *-binding isotherms of calgranulin C in the absence 
(closed circles) and in the presence (open circles) of 0.1 mM Zn**. 

Details of the procedure are described under "Experimental Proce- 
dures * The curves depicted by solid and dashed lines were calculated 
by fitting Equations 1 and 2 to the experimental points, respectively. 
Values for the parameters are indicated in the text. 

Fluorescence titration was also applied to study the binding 
of zinc to calgranulin C. As shown in Fig. SD t fluorescence 
intensity increased almost linearly with added Zn 2+ up to a 
ligand/protein monomer molar ratio of 1.0 ± 0.1, thus suggest- 
ing the presence of one high affinity 2n 2 *-binding site per cal- 
granulin C monomer. An almost identical titration curve was 
obtained in the presence of 0.1 mi* Ca 2 * (data not shown). 
Although the binding constant for Zn 2+ could not be accurately 
calculated from these titration curves, simulations of the ex- 
perimental data by means of Equation 3 (not shown) indicate 
that # 0(app) should exceed 10 8 m _1 . 

Calcium-induced Conformational Changes — Typical far-UV 
CD spectra of the apo- and Ca 2+ -loaded forms of calgranulin C 
are shown in Fig. 7. The calcium-induced change in the CD 
spectrum may be attributed to a decrease in the overall cr-helix 
content. Analysis of CD data according to Zhong and Johnson 
(34) indicated apparent cr-helix contents of 52% and 44% for the 
apo- and Ca 2 Moaded forms, respectively. 

Calcium binding also affected the chromatographic behavior 
of calgranulin C on a phenyl-Superose column. The protein was 
entirely bound to the column in the presence of 0.5 mM CaCl 2 



A Novel S100 Protein from Pig Granulocytes 28933 




300 320 340 




6 5 4 0 1 2 3 23 



pCa 2+ total Zn 2+ added (mol/mol prot) 

Fig. 6. A, fluorescence spectra of calgranulin C (10 um) in 25 dim Tris-HCl (pH 7.4) with either 2 mM EDTA (solid line), 5 n»M MgCl 2 {dotted line), 
2 mM CaClj (long-dashed line), or 0.1 mM ZnCl 2 (short-dashed line). B-D, tyrosine fluorescence titration experiments. Protein concentration was 
2.2 um. In each experiment, values of fluorescence intensity at 308 nm (F) were normalized to those corresponding to zero ligand concentration 
B, titration of apo-calgranulin C with Ca 2 * in the absence (closed circles) or in the presence (open circles) of 5 mM MgCl a . The curves were calculated 
by fitting Equation 3 to the experimental points. C, titration of Zn 2 *-bound calgranulin C with Ca 2 * in the absence (closed diamonds) or in the 
presence (open diamonds) of 6 mM MgCV The top of the panel indicates the corresponding amount of Ca 2+ bound per mol of calgranulin C monomer 
(vCa 2+ ) as calculated from the binding data of Fig. 5. D, titration of apo-calgranulin C with Zn 2+ . 



and could be eluted from the column with 1 mM EDTA (data not 
shown). 

DISCUSSION 

In this paper we report the characterization of calgranulin C, 
a new member of the S100 protein family. Members of this 
family are acidic CaBPs about 100 residues in length. They 
contain two EF-hand motifs per monomer, the first having an 
unusual 14-residue calcium-binding loop that is distinctive of 
this family (2, 38). Most S100 proteins are expressed in a tis- 
sue-specific and cell cycle-specific fashion, this leading to the 
proposal that they are involved in cell differentiation and cell 
cycle progression (4, 39-41). Moreover, some SI 00 proteins 



such as CACY and CAPL are associated with tumor develop- 
ment and the induction of metastasis (42, 43). Other functions 
postulated for S100 proteins include the regulation of cytosolic 
Ca 2 * concentration, inhibition of specific phosphorylation 
events, and modulation of cytoskeletal-membrane interactions 
(4, 44, 45). 

Calgranulin C was purified from pig granulocytes by a simple 
procedure involving gel filtration and anion exchange chromatog- 
raphy. As judged from the amount of pure protein obtained by this 
method, calgranulin C comprises at least 8% of pig granulocyte 
cytosolic proteins. This percentage could be even higher since 
losses inherent in the chromatographic steps were not taken into 
account. The protein was also purified from lymphocyte extracts, 
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although the amount of pure calgranulin C obtained per mg of 
total protein was 50-60 times smaller than that obtained from 
granulocytes. In fact, this low content of calgranulin C in the 
lymphocyte extracts can be explained by the presence of contami- 
nating granulocytes (usually 1-3%) in the lymphocyte prepara- 
tions used. Therefore, there is a possibility that pig lymphocytes 
may not express calgranulin C at all. 

Fig. 8A shows the multiple sequence alignment of the S100 
protein family. The amino acid identity between calgranulin C 
and the other S100 proteins ranges from 27% (SlOOE) to 45% 
(calgranulin B). The least conserved segments are the C-termi- 
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Fig. 7. Far-UV circular dichroism of calgranulin C. Spectra were 
obtained in 50 mM Tris-HCl (pH 7.4) in the presence of either 2 him 
EDTA (solid line) or 2 mM CaCl 2 (dashed lineX Protein concentration 
was 50 um. 



nal region and the "hinge" region that connects the two EF- 
hands (Fig. 8A ). These regions are thought to provide specific- 
ity to the function of each S100 protein (4). The phylogenetic 
tree of the S100 family is shown in Fig. SB. Calgranulin C 
appears to be most closely related to calgranulin B, a protein 
that is also expressed in granulocytes. However, calgranulin B 
forms tightly associated heterocomplexes with calgranulin A 
(23—25) whereas no such heterocomplex formation is observed 
for calgranulin C. Furthermore, the unusually long C-terminal 
"tail 7 * characteristic of calgranulin B is absent in calgranulin C 
(Fig. 8A ). It is worth mentioning that this "tail" is phosphoryl- 
ated upon neutrophil activation (24, 46) and that such a phos- 
phorylation event is thought to be important for the function of 
calgranulin B (41). These structural differences between cal- 
granulins B and C suggest that these proteins may have sepa- 
rate functions in granulocytes. 

Although purified calgranulin C appeared homogeneous by 
SDS-PAGE and N-terrninal sequencing, its ESMS spectrum 
showed the presence of two components. The molecular mass of 
the major component (10,614 Da) fits the value calculated from 
the primary structure, while the minor one is approximately 40 
Da heavier. As many EF-hand CaBPs retain their ligand during 
purification (47), it is likely that this difference in mass is due to 
a single Ca 2+ bound to the protein. Isoelectric focusing analysis of 
calgranulin C also shows the presence of two components, al- 
though in this case analyses performed in the presence of Ca 2 \ 
EDTA and denaturing agents strongly suggest that the charge 
heterogeneity is not a consequence of ligand binding. Further 
experiments will be required to elucidate this point. 

Most SI 00 proteins are known to exist as dimers, and both 
disulfide-bound (35, 48) and noncovalently associated forms (9, 
23) have already been described. Cross-linking experiments 
and gel filtration analysis of purified calgranulin C demon- 
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Fig 8 Sequence analysis of the S100 protein family. Amino acid sequences were compared by using the Darwin system (32). The blowing 
seouences were obtained from the SWISS-PROT protein data bank (accession codes given in parentheses): h-CAGB, human cal^anulin B (P0570^); 
h-CAGA human calgranulin A (P05109); p-CaBP9K, pig ca!bindin-D9K (P02632); b-SlOOfr bovine S100 protein 0-chain (P02638); h-CAPL, human 
placental calcium -binding protein (P26447); b-SlOOL, bovine S100L (P10462); h-CACY, human calcyclin (P06703); b-SlOOa bovine S 100 protein 
a-chain (P02639)- h-SWOP, human S100P (P25815); p-CaflJ t pig calpactin I light chain (P04163). The other sequences are: p-CAGC, pig calgranulin 
C (this work)- h SIOOD, human S100D (38); h-SlOOE, human SlOOE (38); p-SlOOC, pig S100C (54). A, multiple sequence alignment The 
calcium-binding loops of the two EF-hand motifs and the segment connecting both motifs are indicated with solid and dashed lines, respectively 
Residues common to at least 10 sequences are shown in bold characters. B t phylogenetic tree. The branch lengths are in PAMs (accepted point 
mutations per 100 residues). 
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strate the presence of a homodimeric form apart from the mon- 
omer. The fact that the amino acid sequence of calgranulin C 
contains no cysteine residues indicates that the homodimer is 
noncovalently associated. Whether the dimeric or monomeric 
forms occur in vivo remains to be established. 

The binding properties of calgranulin C were studied by 
means of a direct 45 Ca 2 *-binding assay and by tyrosine fluores- 
cence titration. Our results indicate that both Ca 2+ and Zn 2+ are 
bound to calgranulin C and that the binding of Zn 2 * induces a 
profound change in the Ca 2 *-binding properties of the protein. 
In the absence of zinc, the protein appears to bind 1 Ca a V 
monomer with a K Q of approximately 2 x 10" m" 1 . In contrast, 
Zn 2 Moaded calgranulin C binds 2 Ca 2 7monomer with stoichi- 
ometric binding constants in the order of 10 7 and 10" m" 1 , re- 
spectively. The binding of 2 Ca 2 '/calgranulin C monomer is 
consistent with the presence of two EF-hand motifs in the 
amino acid sequence. Both EF-hands seem to be specific for 
Ca 2+ as the fluorescence titration curves were minimally af- 
fected by 5 mM Mg 2 *. As also inferred from tyrosine fluorescence 
ULiaUovi, calgrar.uhr. C has ar. additional binding *it« with 
high affinity for Zn 24 . It is worth noting that the C-terminal 
region of calgranulin C contains a His-X-X-X-His motif com- 
prising residues 85-89 (Fig, 4). This motif within an a-helix has 
two correctly positioned imidazoles that can chelate a zinc ion 
(49). As the secondary structure prediction by means of the 
PHD algorithm (50) suggests that residues 85-89 are within an 
a-helix (not shown), we propose that the side chains of both 
His 86 and His R9 may participate in the binding of the zinc ion. 

The ability of an S100 protein to bind Zn 2+ with high affinity 
and the zinc-induced increase in calcium-binding affinity have 
been previously described only for SlOO^ (33). As proposed for 
this protein, calgranulin C should be considered both as a calci- 
um- and zinc-binding protein. Whether Ca 2+ binding to calgranu- 
lin C is regulated in vivo by Zn 2+ remains to be determined. 

The function of calgranulin C in granulocytes is unknown. In 
addition to its possible role as a Ca 2+ buffer due to its high 
concentration, it may be involved in specific calcium-dependent 
signal transduction pathways. According to the currently ac- 
cepted mechanism of action of EF-hand CaBPs in Ca 2+ signal 
transduction (4, 5), calgranulin C should undergo Ca 2+ -depend- 
ent conformational changes responsible for the transmission of 
information to effector proteins. Such conformational changes 
were reported for some members of the Si 00 protein family, 
namely Sl00a/3, S100/3/3, and S100P (9, 12, 47). In contrast, 
calbindin-D9K, which has been suggested to act merely as a 
Ca 2+ buffer (51), undergoes only very subtle conformational 
changes upon calcium binding (52). These considerations 
prompted us to investigate whether the conformation of cal- 
granulin C is affected by calcium. Our results indicate a Ca 2+ - 
induced change in the environment of at least 1 of the 2 tyro- 
sine residues of the molecule. Moreover, binding of Ca 2 * to the 
protein causes a significant decrease in the apparent a-helix 
content, which is certainly in line with previous observations 
on other S100 proteins (9, 11, 47). Finally, the fact that Ca 2+ - 
loaded calgranulin C is retained on a phenyl-Superose column 
and can be eluted with EDTA suggests that the protein exposes 
a hydrophobic region in the presence of calcium. Taken to- 
gether, these results demonstrate that calgranulin C undergoes 
a gross conformational change upon calcium binding and sup- 
port the possibility that this novel protein is involved in Ca 2 *- 
dependent signal transduction events. 

Intracellular calcium levels modulate many phagocyte func- 
tions including chemotaxis, phagocytosis, degranulation, and 
the generation of reactive oxygen species (13-16). In addition to 
calgranulin C, various putative mediators of the calcium signal 
in granulocytes have been identified, namely calmodulin (19), a 



33-kDa annexin protein (17), grancalcin (18), and the calgranu- 
lin A/B heterocomplex (53). The notion that each protein may 
transmit the calcium signal to a different cellular effector de- 
serves future investigation. Ongoing studies are aimed at iden- 
tifying the cellular target of calgranulin C. 
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